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ABSTRACT This study reports ZnO nanoparticles and thin film surface modification using a two-step functionalization strategy. A
small silane molecule was used to build up a stabilizing layer and for conjugation of biotin (vitamin B7), as a specific tag. Biotin was
chosen because it is a well-studied bioactive molecule with high affinity for avidin. ZnO nanoparticles were synthesized by
electrochemical deposition under oxidizing condition, and ZnO films were prepared by plasma-enhanced metal-organic chemical
vapor deposition. Both ZnO nanoparticles and ZnO thin films were surface modified by forming a (3-mercaptopropyl)trimethoxysilane
(MPTS) layer followed by attachment of a biotin derivate. Iodoacetyl-PEG2-biotin molecule was coupled to the thiol unit in MPTS
through a substitution reaction. Powder X-ray diffraction, transmission electron microscopy, X-ray photoemission electron microscopy,
atomic force microscopy, X-ray photoelectron spectroscopy, and near-edge X-ray absorption fine structure spectroscopy were used
to investigate the as-synthesized and functionalized ZnO materials. The measurements showed highly crystalline materials in both
cases with a ZnO nanoparticle diameter of about 5 nm and a grain size of about 45 nm for the as-grown ZnO thin films. The surface
modification process resulted in coupling of silanes and biotin to both the ZnO nanoparticles and ZnO thin films. The two-step
functionalization strategy has a high potential for specific targeting in bioimaging probes and for recognition studies in biosensing
applications.
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1. INTRODUCTION

ZnO materials have recently attracted considerable
interest for a range of applications, e.g., in photovol-
taic solar cells, bioimaging probes, and biosensing

devices. ZnO is a wide, direct band gap semiconducting
material with Eg ≈ 3.3 eV (bulk state) exhibiting strong
photoluminescence. The luminescence spectrum of ZnO
nanoparticles shows one narrow exitonic near band edge
emission in the UV region (∼380 nm) (1-3) and a broad
defect-related emission in the blue and green regions
(∼500-540 nm) (1-3), most commonly attributed to oxy-
gen vacancies (1, 2, 4, 5). ZnO nanoparticles are, because
of their visible luminescence, highly interesting for various
optical devices, such as biosensors with optical read out. ZnO
thin films and ZnO nanoparticles are also both very interest-
ing for electrically based biosensing (6). Nanoparticles and
thin films were studied earlier in terms of their gas sensing
abilities, where it turned out that a rough surface with surface
enlargement properties had a positive influence on the
sensor abilities (7). The use of nanoparticles and thin films
as active components in biosensing devices requires them

to be carefully designed and functionalized. The coating of
the ZnO nanoparticles and ZnO thin films mainly serves
these purposes: to stabilize the nanoparticle core, to stabilize
the outermost layers of ZnO in the thin films, and to enable
molecular recognition (8-10). Several studies have ad-
dressed the surface functionalization of nanocrystalline ZnO,
in particular with a focus on how different types of capping
influence the luminescence properties (11-15).

Organosilanes are highly interesting candidates for surface-
modification and stabilization of both the ZnO nanocrystals
and the ZnO thin films to inhibit decomposition in aqueous
media. Silane molecules form covalent siloxane bonds with
the metal oxide surface and thereby creating a shielding
barrier (16, 17) of cross-linked silanes (polysiloxanes). When
bifunctional organosilanes containing functional groups such
as amines or thiols are chosen, the silanes can be readily
used in further coupling steps, which in turn enables anchor-
ing of a wide range of recognition molecules to the ZnO
materials In earlier studies, organosilane functionalization
of ZnO films has been investigated, showing immobilization
of biomolecules (18-20).

In a previous study (21), bioconjugation of nanoparticles
have been performed by binding a biomolecule to 2-ami-
noethyl-amino-propyltrimethoxysilane (AEAPS) coated nano-
particles using N-hydroxysuccinimide (NHS) as conjugation
agents. This reaction is most effective in slightly alkaline pH.
The NHS ester, however, hydrolyzes in water with an
increased hydrolysis rate with increasing pH, possibly result-
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ing in less efficient conjugation. In this study, we show an
alternative, rapid coupling strategy for functionalization of
ZnO nanoparticles and ZnO thin films, with the advantage
that it can be performed with high selectivity at pH 7.5-8.5
without the risk of deactivation. An iodized biotin molecule
(iodoacetyl-PEG2-biotin) is shown to link to the thiol group
of the stabilizing layer of bifunctional (3-mercaptopropyl)t-
rimethoxysilane MPTS molecules in a substitution reaction
forming a complex from now on named MPTS/PEG2-biotin,
schematically depicted in Figure 1. This new two-step func-
tionalization of ZnO nanoparticles and ZnO thin films with
biotin is herein reported for the first time. The aim of the
study is to acquire knowledge of specific details and to
investigate the efficiency of the coupling chemistry. This is
of critical importance for surface modification procedures
and for sensor applications. ZnO thin film was investigated
both as a model system for the nanoparticle surface and also
as a promising candidate for future potential sensor applica-
tions. Biotin was used for functionalization as the avidin
protein has a high affinity (KD ) 1 × 10-15) for the biotin
molecule, making the biotin-avidin complex suitable as a
model system for investigation of recognition processes. The
ZnO nanoparticles used in this study were synthesized
electrochemically using a sacrificial zinc electrode under
oxidizing conditions (22), whereas the ZnO films were
prepared by plasma enhanced metalorganic chemical vapor
deposition (23). The ZnO nanoparticles and ZnO thin films
were first coated with a stabilizing layer of bifunctional (3-
mercaptopropyl)trimethoxysilane (MPTS) followed by con-
jugation of iodoacetyl-PEG2-biotin. As-synthesized and func-
tionalized ZnO nanoparticles and ZnO thin films were
characterized by powder X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), X-ray photoemission elec-
tron microscopy (XPEEM), atomic force microscopy (AFM),
X-ray photoelectron spectroscopy (XPS), low-energy electron
microscopy (LEEM), and near-edge X-ray absorption fine
structure spectroscopy (NEXAFS).

2. EXPERIMENTAL SECTION
2.1. Preparation of Nanoparticles. ZnO nanoparticles were

prepared using the method of electrochemical deposition under

oxidizing condition (EDOC), as described in the literature (22).
Plates of zinc metal and stainless steel (∼2 × 5 cm2) were used
as anode and cathode, respectively, immersed in an electrolyte
containing 300 mL 0.1 M of tetrabutylammonium bromide
(TBAB) (Fluka) in 2-propanol (Scharlau). An electrode voltage
of 30-40 V was applied in order to yield a current density of
approximately 1.5 mA/cm2 at the cathode. To keep the current
density constant, the electrode voltage was allowed to vary. The
electrolysis was cut off after 3.5 h. The ZnO particles were
washed three times in 2-propanol by centrifugation to remove
all free ions of Zn2+ and excess of TBAB. The washed precipitate
was dried in air in an open vessel. Remaining TBAB, presumably
adsorbed on the surface of the ZnO particles, were exchanged
with (3-mercaptopropyl)trimethoxysilane (MPTS) according to
the following procedure. The ZnO nanoparticles (20 mg) were
dispersed in xylene (10 mL) (Merck, analytic grade) and 128
µL of MPTS (Aldrich, 95%) was added to yield a 1% MPTS
solution. The suspension was stirred overnight at 65 °C. The
precipitated particles was then centrifuged and washed three
times in xylene, and finally in methanol. The MPTS-capped
nanoparticles were functionalized with iodoacetyl-PEG2-biotin
(Pierce Biotechnology) as follows. Four milligrams of the MPTS-
capped ZnO nanoparticles were dissolved in 500 µL PBS buffer
containing 2 mg of the biotin compound. The solution was
stirred for 2 h, centrifuged, and washed two times in PBS
followed by two washes in ethanol (99.5%). The functionalized
(MPTS/PEG2-biotin) nanoparticles were dried in air.

Prior to XPS measurements, the functionalized ZnO nano-
particles were spincoated onto gold substrates. Approximately
2 mg of the ZnO particles was dispersed in ethanol (99.5%) and
spin-coated onto the substrate using a spinner from Laurell,
Technologies Corporation. The spin-coating was carried out in
two steps. In a first step, the substrate was rotated at 500 rpm
for 20 s followed by 1000 rpm for 15 s. In the second step, it
was rotated at 1500 rpm for 30 s followed by 3000 rpm for 5 s.

The gold substrate used for XPS and NEXAFS measurements
were prepared on a TL1 cleaned Si (100) wafer. The TL1
washing procedure was performed using a 5:1:1 mixture of
deionized water, 25% hydrogen peroxide, and 30% ammonia
heated to 80 °C for 5 min before evaporation. The cleaned
surfaces were then rinsed in deionized water with a resistance
of 18.2 MΩ. A 25 Å thick Ti layer followed by a 2000 Å Au layer
were evaporated onto the cleaned single-crystal Si(100) wafer.

2.2. Preparation of ZnO Films. ZnO films were prepared
by plasma enhanced metalorganic chemical vapor deposition
(PEMOCVD) at atmospheric pressure. Oxygen gas and acety-
lacetonate were used as precursors carried out by a nitrogen
flow (23). c-sapphire was used as a film substrate and the

FIGURE 1. Schematic picture of the functionalization procedure of ZnO nanoparticles and films.
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substrate temperature during films deposition was kept at 350
°C. The estimated thickness of the film was about 200 nm. The
obtained films were polycrystalline and consisted of grains with
a preferred orientation of the c-axis perpendicular to the
substrate.

Prior to functionalization of the ZnO surfaces, annealing at
temperatures up to 600 °C for 30 min was performed in order
to remove adsorbed hydrocarbon species. Contact angle mea-
surements showed a decrease from ∼50 to ∼10° after anneal-
ing at 600 °C. One of the samples annealed at 600 °C was then
rinsed and placed in a tube with a N2 atmosphere. Two other
samples annealed to the same temperature were immediately
placed in a 10 mL xylene (Merck) solution containing 1% MPTS
and incubated overnight. The films were sonicated for 10 min
in xylene after incubation, followed by rinsing in xylene. The
MPTS-capped surface was dried and stored in N2 atmosphere.
The surface to be functionalized with biotin were rinsed in PBS
buffer and placed for 2 h in a 1 mM iodoacetyl-PEG2-biotin
solution dissolved in PBS. After incubation, the surface was
sonicated for 5 min in PBS buffer, followed by rinsing in PBS.
To remove all PBS, we sonicated the samples in ethanol (99.5%)
for 10 min and then carefully rinsed them in ethanol. The MPTS/
PEG2-biotin-capped surface was stored in a N2 atmosphere until
further measurements.

2.3. X-ray Powder Diffraction (XRD). Powder X-ray dif-
fractograms of the ZnO materials synthesized by the EDOC and
PEMOCVD methods were collected on a Philips PW 1820
diffractometer using CuKR1 radiation (λ ) 1.5418 Å, 40 kV, 40
mA) and a step size of 0.025° in 2θ with 4 s/step.

2.4. Transmission Electron Microscopy (TEM). TEM stud-
ies were performed with a FEI Tecnai G2 electron microscope,
operated at 200 kV. The samples were prepared by placing one
or two drops of the nanoparticles dispersed in toluene onto
copper grids covered by amorphous carbon.

2.5. Atomic Force Microscopy (AFM). The surface mor-
phologies of the ZnO thin films were examined using a Veeco
Digital Instruments Nanoscope 3100 in tapping mode. Standard
software was used to calculate the average grain size and root-
mean-square roughness.

2.6. X-ray Photo-Emission Electron Microscopy (XPEEM)
and Low-Energy Electron Microscopy (LEEM). The particles were
characterized using XPEEM and LEEM. Characterization by
XPEEM and LEEM were performed on beamline I311 at the
synchrotron storage ring MAXII at MAX-lab in Lund, Sweden.
The beamline is equipped with the SPEELEM (Elmitec GmbH)
microscope which can be used in X-ray photoelectron micros-
copy or low energy electron microscopy mode. The samples
for the measurements were prepared by dispersion of ap-
proximately 2 mg of MPTS-capped ZnO nanoparticles in ethanol
(99.5%). Although some of the particles sediment, the particles
still in solution were diluted 5-10 times. Twenty microliters of
the diluted dispersion was then spin-coated using the same
procedure as described in section 2.1 to get a surface with well-
separated particles on to cleaned silicon surfaces.

2.7. X-ray Photoelectron Spectroscopy (XPS). XPS mea-
surements were performed on a VG microlab Auger Spectrom-
eter with a 310-F analyzer with a base pressure of about 1.3 ×
10-8 mbar. The analysis was performed with unmonochro-
mated Al KR photons (1486.6 eV). Energy resolution was
approximately 1.6 eV for the experimental settings in use,
determined from the full width at half-maximum (fwhm) of the
(peak fitted) Au (4f7/2) line, obtained with the pass energy of 50
eV. High resolution XPS spectroscopy was measured with
synchrotron radiation at beamline D1011 at MAXII storage ring
at MAX-lab in Lund, Sweden. Resolution was calculated from
the fwhm of the Au (4f7/2) line, to about 0.6 eV. Spectra were
analyzed using the program XPSPEAK version 4.1. The spectra
were aligned to carbon 1s peak at 285.3 eV.

2.8. Near-Edge X-ray Absorption Fine Structure (NEXAFS).
NEXAFS measurements were recorded at MAXII synchrotron
storage ring at MAX-lab in Lund, Sweden using beamline
D1011. The measurement were done at the N(1s), O(1s), and
S(2p) absorption edges using a retardation voltage of -300,
-400, and -100 V, respectively. In the measurements of MPTS
an incidence angle of the synchrotron light of 55° was used,
and for biotin the angle was 50°. All measurements were done
in a surface-sensitive mode using an MCP detector.

3. RESULTS AND DISCUSSION
In this work, we report a functionalization strategy to

achieve MPTS/PEG2-biotin-functionalized ZnO nanoparticles
and ZnO thin films. A two-step coupling procedure is re-
ported where iodoacetyl-PEG2-biotin is linked to (3-mercap-
topropyl)trimethoxysilane (MPTS)-functionalized ZnO nano-
particles and ZnO thin films, using a specific and rapid
coupling chemistry, performed via the thiol group of MPTS.
Biotin can act as a specific tag for the Avidin protein in
potential sensor applications.

Both as-prepared ZnO nanoparticles and ZnO thin films
were characterized with respect to crystallinity and micro-
structure. The chemical composition of the ZnO nanoparticle
core and the ZnO thin film substrate as well as the molecular
functionalization was analyzed by XPS and NEXAFS spec-
troscopy. Valence state images of the spatial distribution and
relative concentration of Zn in specific oxidized states of the
nanoparticles were studied by XPEEM.

3.1. ZnO Nanoparticle Core and Thin Film
Characterization. The powder diffractograms of an as-
grown polycrystalline ZnO film, and of as-synthesized TBAB-
capped ZnO nanoparticles, are presented in Figure 2. The
ZnO film (Figure 2a) exhibits the diffraction pattern charac-
teristic of hexagonal ZnO with peaks corresponding to the
(010), (002), and (011) reflections, positioned at 2θ ) 31.7,
34.4, and 36.2°, respectively. This is in good agreement with
previously reported results (7, 11, 24). The dominating (002)
reflection peak indicates film growth with a preferred ori-
entation along the c-axis. The diffractogram of the ZnO
nanoparticles (Figure 2b) exhibits peaks in good agreement
with those of the thin film. The reflection peaks are, how-
ever, considerably broadened because of the much smaller

FIGURE 2. XRD spectrum of (a) as-grown ZnO films and (b) as-
synthesized nanoparticles capped with tetrabutylammonium bro-
mide (TBAB).
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grain size of the nanoparticles compared to the grain size in
the film (7) (see below).

TEM measurements were performed to confirm crystal-
linity of the particles and to reveal the crystal size. Figure 3
shows a TEM image of the as-synthesized TBAB-capped
nanoparticles. The particles obtained from the electrochemi-
cal synthesis have an estimated diameter of about 5 nm as
presented in Figure 3. However, the particles tend to ag-
gregate, which makes measurement of the size distribution
less accurate. The particles have high crystallinity as dem-
onstrated in the inset in Figure 3, showing the (002) planes
(d ≈ 2.6 Å). The size distribution of MPTS/PEG2-biotin-
functionalized ZnO nanoparticles was also measured in
solution using dynamic light scattering (DLS). The results
show that there are a size distribution ranging from 3 nm in
radius to about 10 000 nm. This clearly indicates presence
of agglomerations of the nanoparticles. There are however,
still large surface areas available for surface functionaliza-
tion.

Prior to functionalization, the ZnO films were thermally
annealed to remove adsorbed carbon species. AFM was used
to investigate how the heating procedure affected the mi-
crostructure of the ZnO films. AFM images of ZnO films
thermally annealed for 30 min in air at 300-600 °C are
presented in Figure 4 and the data of the surface analysis
are presented in Table 1. Initially, the as-grown surface has
rather rough morphology with relatively small grain size. The
size of the grains increases with increasing annealing tem-
perature, as expected. The increase in the grain size is due
to Oswald ripening, and this process was thoroughly studied
for ZnO films earlier (25). Upon initial thermal annealing at
300 °C, a smoother ZnO film is obtained (Figure 4b). The
smoothening is likely attributed to the elimination of strain
inside the film, and to partial melting and redistribution of
the grains, in good agreement with earlier studies, where
300 °C is reported as the appropriate temperature for
decreasing the roughness of the ZnO film surface (25). Upon
further annealing, the grain size increases, resulting in the
well-developed morphology at 600 °C (Figure 4d). The
roughness of the film surface become more prominent when
heated to 600 °C. The roughness of the surface can be

considered an additional advantage as the active surface
area is increased, possibly resulting in more efficient sensor
abilities.

X-ray photoemission electron microscopy (XPEEM) was
performed to reveal valence-state-based images showing the
spatial distribution and relative concentration of Zn in
specific oxidized states. XPEEM images of ZnO nanoparticles
spincoated onto silicon substrate followed by annealing to
800 °C are shown in Figure 5. The samples were heated to
remove the oxide from the silicon substrate. The measure-
ments show that the MPTS-capped particles are aggregated.
There is a size distribution of the aggregates in the range of
approximately 0.2 to 1 µm. The organic material including
the capping of the ZnO nanoparticles is removed during the
annealing process, a step, essential to facilitate imaging of
Zn content and distribution, since XPEEM is extremely
surface sensitive. The signal is optimized on the Zn edge
enabling measurement on Zn in the particles. The aggregates
can be clearly observed in electron mirror mode (Figure 5c)
where the contrast is mainly due to surface topography and
in photoemission mode as well. In Figure 5a, an image of
secondary electrons is presented and the contrast in the
image is due to lower work function of ZnO particles as
compared to Si substrate. Figure 5b shows the XPEEM image
of Zn 3d photoelectrons; the contrast in the image is solely
elemental.

3.2. Surface Functionalization. X-ray photoemis-
sion spectroscopy (XPS) measurements were performed on
both ZnO nanoparticles and thin ZnO films to investigate

FIGURE 3. TEM image of as-synthesized ZnO nanoparticles. An
enlarged particle is seen in the inset.

FIGURE 4. Surface evolution of ZnO films, annealed for 30 min in
air at temperatures (300-600 °C): (a) as-grown film, (b) 300 °C, (c)
500 °C, and (d) 600 °C. The image size is 1 × 1 µm2 for all images,
respectively. All images are performed on the same height amplitude
(Z-scale).

Table 1. Surface Root Mean Square Roughness (Rq)
and Grain Size (D) of the ZnO Filmsa

as-grown 300 °C 500 °C 600 °C

Rq (nm) 5.2 4.1 9.5 11.8
D (nm) 45 ( 9 63 ( 6 69 ( 14 82 ( 12

a The square used for calculations is 1 × 1 µm2.
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chemical composition and to verify presence of molecular
surfactants and chemical bond formation during the step-
wise surface functionalization procedure. The XPS overview
spectra of both a) ZnO nanoparticles spin-coated onto a gold
surface and b) ZnO thin film are presented in Figure 6. A
single peak with a binding energy peak position at about 530
eV, corresponding to O(1s), is observed in the overview
spectrum of ZnO nanoparticles (Figure 6a). Two peaks
(marked in gray in Figure 6) with binding energy peak
positions at about 1022 and 1045 eV are found. These two
peaks correspond to the Zn(2p3/2) and Zn(2p1/2) spin-orbit
coupled doublet. Nanoparticles were spin-coated onto a gold
surface, i.e., a small amount of nanoparticles were distrib-
uted over the gold surface. The intense peaks with binding

energy position at about 84 eV in the overview spectrum for
ZnO nanoparticles spin-coated onto a gold surface conse-
quently corresponds to signal from the Au(4f) of the gold
substrate. Subsequent peaks for Au(4d), Au(4p), and Au(4s)
are also present as expected (Figure 6a).

In the case of ZnO thin film, both O(1s) and Zn(2p) peaks
are clearly shown in the XPS overview spectrum (Figure 6b).
The Zn(2p) peaks are now the dominating peaks. The ZnO
thin film, a homogeneous thin film with a thickness of
approximately 200 nm is prepared and hence yields a more
pronounced peak than in the case of ZnO nanoparticles spin
coated onto gold surface.

The high-resolution core level XPS S(2p) and Si(2p) spec-
tra of MPTS-capped ZnO nanoparticles and MPTS-capped
ZnO thin films are shown in Figure 7. Figure 7 a shows the
XPS S(2p) core level spectrum of MPTS-capped ZnO nano-
particles spin-coated on gold. A peak fit is included below
the experimental spectrum, presenting three S(2p) spin-orbit
coupled doublets. In the curve fitting procedure, the relative
ratio for each spin-orbit coupled pair (2p3/2, 2p1/2) was set
to 2:1 and the energy split to 1.2 eV, in accordance to the
rules in quantum mechanics and earlier published data (26).
The spin-orbit coupled doublet with S(2p3/2) and S(2p1/2)
binding energy positions at about 163.8 and 165 eV, respec-
tively, is attributable to unbound thiol (-SH) in the MPTS
molecule (27-31). The strongest double peak is an energy
doublet with the 2p3/2 and 2p1/2 binding energy peaks
positioned at about 162.4 and 163.6 eV. This double peak
demonstrates presence of thiolate species. There are two
possibilities for thiolate formations, which is also the reason
to the high intensity of the peak. One thiolate is due to
interaction between sulfur and zinc at the ZnO nanoparticle

FIGURE 5. ZnO particles on Si substrate after annealing up to 800
°C and removing of the organic (MPTS) capping layer. (a) XPEEM
image of secondary electrons, field of view (FoV) ) 25 µm, h∪ )
130 eV, Ekin ) 1 eV, band pass 0.7 eV. (b) XPEEM image of Zn(3d)
photoelectrons, FoV ) 25 µm, h∪ ) 130 eV, Ekin ) 113.6 eV, band
pass 0.7 eV. (c) Mirror mode image of low-energy electrons (E )-0.1
eV), FoV 25 µm.

FIGURE 6. XPS overview spectra of (a) ZnO nanoparticles spin-coated
onto gold surface and (b) ZnO thin film. The Zn(2p) area is marked
in gray.

FIGURE 7. S(2p) XPS core level spectra of (a) MPTS-functionalized
ZnO nanoparticles and (b) MPTS-functionalized ZnO film, and the
Si(2p) XPS core level spectra of (c) MPTS-functionalized ZnO nano-
particles and (d) MPTS-functionalized ZnO film. Gray curves in a, c,
and d act as a guideline for the eye. The data were collected at the
synchrotron facility at MAX-lab in Lund, Sweden.
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surface (32, 33). The other thiolate may be formed because
the presence of unbound thiol (-SH) also enables thiol
chemisorption onto the gold substrate used during measure-
ment (27-31). The energy doublet with the 2p3/2 peak
positioned at about 161.5 eV indicates presence of atomic
sulfur, possibly because of contaminants or X-ray damages
(34).

The XPS S(2p) core level spectrum of MPTS-capped ZnO
film (Figure 7 b) exhibits one double peak which consists of
a spin-orbit-splitting doublet with the S(2p3/2) and S(2p1/2)
binding energy positions of 163.8 and 165 eV respectively.
This is consistent with the binding energy of unbound thiol
(-SH) as described above. The same values for the doublet
energy split and area ratio were used in the fitting procedure
as for the analysis of nanoparticle sample. Neither the
doublet with the S(2p3/2) peak binding energy position at
162.4 eV earlier observed in the ZnO nanoparticle spectrum
(Figure 7a) corresponding to thiolate species nor the doublet
peak with the S(2p3/2) peak binding energy position at 161.5
eV assigned to atomic sulfur are present. The complete
suppression of the double peak corresponding to thiolate
species ((S(2p3/2) peak position at 162.4 eV) confirm that no
S-Au bond is present, as expected, The lack of the doublet
further indicates that no zinc thiolate is formed on the ZnO
thin film. Thus, we can conclude that a considerably larger
fraction of the thiol groups coordinate to the surface of the
ZnO nanoparticles compared to the thin film surface. This
indicates a higher ordering of the MPTS molecules onto the
film surface than on the nanoparticles. However, both ZnO
film and ZnO nanoparticles have sufficient amount of free
thiols to enable further functionalization. The weak peak
observed at about 168 eV for the ZnO thin film can be
assigned to small amounts of SOx, also in agreement with
earlier published results (35).

The XPS Si(2p) core level spectra of MPTS-capped ZnO
nanoparticles and thin film is shown in panels c and d in
Figure 7, respectively. Both spectra exhibit a peak positioned
at a binding energy of about 102.5 eV, associated with the
formation of a polysiloxane layer. The result is consistent
with earlier published data on organosilane coated surfaces
(19, 20, 36) and evidence the presence of MPTS on the ZnO
nanoparticles and ZnO thin films.

In a second step, iodoacetyl-PEG2-biotin was conjugated
to both the MPTS-functionalized nanoparticles and thin film.
The XPS N(1s) spectra were measured to verify the presence
of PEG2-biotin at the MPTS/PEG2-biotin-capped ZnO nano-
particles and the MPTS/PEG2-biotin-capped ZnO thin film.
The N(1s) spectra of MPTS and MPTS/PEG2-biotin-function-
alized materials are presented in Figure 8. The figure com-
prises the N(1s) core level spectra of (a) nanoparticles
functionalized with MPTS, (b) nanoparticles functionalized
with MPTS/PEG2-biotin conjugate, (c) a iodoacetyl-PEG2-
biotin multilayer spin-coated onto gold, (d) film functional-
ized with MPTS, and (e) MPTS/PEG2-biotin-functionalized
thin film. Nanoparticles functionalized with merely MPTS do
not show any distinct N(1s) signal (Figure 8a). There might
however be a small contribution from tiny amounts of

tetrabutylammonium bromide (TBAB) used as a surfactant
during nanoparticle synthesis. Nanoparticles functionalized
with MPTS/PEG2-biotin exhibit a broad but clearly observed
N(1s) peak (Figure 8b), consistent with the pure iodoacetyl-
PEG2-biotin reference (Figure 8c). The broad feature of the
peak indicate the presence of two nitrogen components, one
correlated to the amide bond in the PEG part of the PEG2-
biotin molecule, and the other is associated to the biotin ring
structure (Figure 1). The XPS results confirm that iodoacetyl-
PEG2-biotin has been successfully attached to the MPTS-
capped ZnO nanoparticles. The N/S ratio was calculated for
ZnO nanoparticles functionalized with MPTS/PEG2-biotin to
give an indication of the functionalization efficiency of the
PEG2-biotin conjugation.. A 100% coupling efficiency would
yield a N/S ratio of 2 (see chemical structure in Figure 1).
The N/S ratio calculated from the XPS measurements shows
a value of 1.4, indicating that the conjugation was effective
and that a high amount of the MPTS molecules are attached
to PEG2-biotin. In the N(1s) XPS spectrum of MPTS/PEG2-
Biotin on ZnO thin film (Figure 8 e), a strong peak is shown.
This indicates that iodoacetyl-PEG2-biotin is attached to
MPTS chemisorbed on the ZnO films. The shape of the N(1s)
peak in Figure 8 e), is more symmetric than that of the
iodoacetyl-PEG2-biotin reference and the MPTS/PEG2-biotin-
functionalized nanoparticles. The ZnO film capped with
merely MPTS also exhibits a small nitrogen signal (Figure
8d). The difference in peak shape and the presence of

FIGURE 8. N(1s) XPS core level spectra of (a) ZnO nanoparticles
functionalized with MPTS, (b) ZnO nanoparticles functionalized with
MPTS/PEG2-biotin, (c) iodoacetyl-PEG2-biotin multi layer, (d) MPTS-
functionalized ZnO film, and (e) MPTS/PEG2-biotin-functionalized
ZnO film.
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nitrogen on the MPTS-functionalized film might be due to
the formation of small amounts of zinc nitride during film
synthesis, where nitrogen is used as a carrier gas.

Near-edge X-ray absorption fine structures (NEXAFS)
spectroscopy was measured on functionalized ZnO films to
confirm the presence of MPTS and PEG2-biotin. MPTS-
functionalized ZnO film was investigated and the presence
of MPTS was confirmed measuring the S L-edge (Figure 9).
The MPTS-capped film (Figure 9 a) exhibits three peaks with
photon energies 164.2, 165.5, and 166.7 eV, respectively.
All three peaks can, according to earlier publications be
assigned to the two transitions from S(2p) into LUMO and
LUMO+1 (37). The peaks in the S L-edge NEXAFS spectrum
of MPTS/PEG2-biotin-functionalized film (Figure 9b) show a
broadening of the line width compared to the film capped
with just MPTS. This is in good agreement with the additional
sulfur atoms in the PEG2-biotin yielding a more complex
spectrum.

The N K-edge NEXAFS spectra of MPTS and MPTS/PEG2-
biotin-functionalized films are shown in spectra a and b in
Figure 10, respectively. The N K-edge spectrum of MPTS/
PEG2-biotin-capped film shows two broad peaks at about
406.5 and 412.5 eV. The peak at lower photon energy can
be attributed to the σ* (N-C) bond, and the peak at higher
photon energy corresponds to the σ* (N-CO) of the amide
bond in the PEG sequence of the PEG2-biotin molecule
(Figure 1). The peak with a resonance about 401.5 eV
corresponds to the delocalized π orbital in the amide group
(38-40). These results verify successful attachment of PEG2-
biotin to the MPTS molecule on the ZnO film surface. The
spectrum of a ZnO film capped with merely MPTS (Figure
10 a) shows only small amounts of nitrogen and no peaks
ascribed to an amide bond. The traces of nitrogen present
are probably attributed to the ZnO film growth process, as
discussed above.

The O K-edge NEXAFS spectra of (a) MPTS-functionalized
ZnO film, (b) MPTS/PEG2-biotin-capped film, and (c) biotin
multilayer are presented in Figure 11. The iodoacetyl-PEG2-
biotin reference spectrum shows a narrow peak at 532 eV,
consistent with the π* resonance of the carbonyl group
present in the amide bond π*(CdON) (38-40). The peak is
also present as a small shoulder in the MPTS/PEG2-biotin-
capped film but absent in the spectrum of the film function-
alized with merely MPTS (Figure 11a,b). These results
confirm the conjugation of biotin to MPTS on the ZnO films.

4. CONCLUSION
Material characterization of ZnO nanoparticles and films

were done using XRD, TEM, XPEEM, and AFM. Nanopar-
ticles showed highly crystalline particle with a crystal size
of about 5 nm. The ZnO nanoparticles have, based on DLS
and TEM results, a tendency to agglomerate. AFM measure-
ments confirmed that annealing of ZnO films at 600 °C used
to remove carbon species on the surfaces before function-
alization increased the grain size of the film with and

FIGURE 9. S L-edge spectra of (a) MPTS-functionalized and (b) MPTS/
PEG2-biotin-functionalized films. The experimental data are shown
as dots. Colored curves are smoothed spectra of the experimental
data as a guideline for the eye.

FIGURE 10. N K-edge spectra of (a) MPTS-functionalized film and
(b) MPTS/PEG2-biotin-functionalized ZnO thin film. The experimen-
tal data are shown as dots. Colored curves are smoothed spectra of
the experimental data as a guideline for the eye.

FIGURE 11. O K-edge spectra of (a) MPTS-functionalized ZnO film,
(b) MPTS/PEG2-biotin-functionalized ZnO film, and (c) iodoacetyl-
PEG2-biotin multilayer.
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enlargement of surface area as a result. A two step function-
alization of ZnO nanoparticles and ZnO thin films with MPTS
followed by attachment of iodoacetyl-PEG2-biotin was done
and the success rate of the coupling process was investigated
using XPS and NEXAFS. Both nanoparticles and films were
found to be successfully functionalized with MPTS. Strong
peaks in the Si(2p) and S(2p) XPS spectra confirmed chemi-
sorption of MPTS on both nanoparticles and thin films. XPS
S(2p) core level spectrum showed that some of the thiols
coordinate to the ZnO nanoparticle surface; however, there
are still enough free thiols to enable conjugation of io-
doacetyl-PEG2-biotin, which is confirmed measuring XPS
N(1s). The XPS N(1s) core level spectra showed that the
nitrogen amount increases upon coupling of iodoacetyl-
PEG2-biotin to MPTS consistent with PEG2-biotin conjuga-
tion to MPTS. This result is further confirmed with NEXAFS
spectroscopy as the N K-edge and O L-edge NEXAFS spectra
showed peaks correlated to the amide bonds within the PEG
unit of the MPTS/PEG2-biotin. The MPTS/PEG2-biotin-func-
tionalized nanoparticles and thin films are very promising
for future sensor applications.
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